(Py-CN)Cl], where, dmgH = dimethylglyoximato anion, Py-NH 2 = 4-aminopyiridne and Py-CN = 4-cyanopyridine, were prepared and characterized by elemental analysis, UV-VIS, IR and NMR spectroscopy. The kinetics of iron(II) reduction of the complexes were studied spectrophotometrically at 300 nm in 2 % (v/v) DMSO-H 2 O medium at 27±0.1°C and I = 0.25 M (LiClO 4 ) at various hydrogen ion concentrations in the range 2.5 x 10 -4 to 5.0´10 -2 M under pseudo-first-order conditions using an excess of the reductant. The inverse dependence of rate on [H + ] suggests an equilibrium between the protonated and unportonated forms of the complexes, the protonated form reacting slower than the unprotonated form. Computation of the data enabled the evaluation of the rate constants for the protonated and unprotonated from of the complexes, leading to an evaluation of the protonation constant for the complexes.
INTRODUCTION
Transition metal ions readily form complexes with Schiff's bases 1,2 and oximes. [3] [4] [5] Cobalt(III) complexes of equatorial dimethylglyoxime, known as cobaloximes, have been used as model compounds for vitamin-B 12 . This in turn led to the synthesis of several model compounds with varying axial ligands [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] to study their specral and catalytic properties. [16] [17] [18] [19] The redox behaviors of such cobalt(III) complexes towards selected metal ions, such as V(II), Ru(II), Cr(II) and Fe(II), as reductants were also studied. Among the cited metals, the use of Fe(II) ions as reductant was found to be rare in the literature. Most of the works reported on cobalt(III) complexes and iron(II) interactions concerned complexes of iron(II), 20, 21 rather than free iron(II) ions. The stereo selective reduction of cobalt(III) complexes by bacteria was studied by Thorpe and Gillard. 22 The chemical nature of cobalt in a corrin environment with water, hydroxyl or cyanide as axial ligands required detailed study under non-enzymatic conditions. The most commonly studied vitamin-B 12 models are bis(dimethylglyoximato)cobalt(III) complexes, known as cobaloximes, where dmgH -= dimethylglyoximato anion(I). Schrauzer and Kohnle 23 demonstrated the feasibility of this approach, which in turn stimulated the search for more such models. This report is a study of the reduction of cobaloximes of the type [Co(dmgH) 2 (B)X] by iron(II), where B is 4-aminopyridine (Py-NH 2 ) or 4-cyanopyridine (Py-CN).
EXPERIMENTAL

Materials and methods
Cobalt(II) chloride E. Merck, dimethylglyoxime and 4-aminopyridine and SD Fine Chemical and 4-cyanopyridine Sigma Aldrich were used for the preparation of the complexes. Electrolytic grade iron powder (Sarabhai chemicals) and perchloric acid (BDH) were used to prepare iron(II) perchlorate and to maintain the acidic medium. Dimethyl sulfoxide was dried over calcium hydride and fractionally distilled under reduced pressure. The distilled solvent was stored over molecular sieves and used for all the kinetic studies.
Preparation of the complexes
Green coloured trans-hydrogen dichlorobis(dimethylglyoximato)cobaltate(III), H[Co(dmgH) 2 Cl 2 ], was prepared by a method reported in the literature. 24 Using this complex as the starting material, the required complexes, viz., [Co(dmgH) 2 (Py-NH 2 )Cl] and [Co(dmgH) 2 (Py-CN)Cl)], were prepared by adopting a method reported earlier. 25 About 0.01 mole of trans-hydrogen dichlorobis(dimethylglyoximato)cobalte(III) was mixed with 0.01 mole of Py-NH 2 or Py-CN in 60 ml of absolute ethanol. The slurries were stirred, with warming, over a water bath for 20-30 min until the green colour due to the dichloro complex was replaced by the required brown colour of the complexes.
The complexes were characterized by elemental analysis using both analyitical methods and X-ray fluorimetry (Sophisticated Analytical Instrument Facility, at IIT, Madras, Chennai-36). UV-VIS Spectra were recorded on a Perkin Elmer UV-VIS spectrophotometer, using matched quartz cells of 1 cm path length. The IR spectra were obtained as KBr pellets using a Perkin Elmer IR Spectrum-1 and the NMR spectra were recorded in DMSO-d 6 on a Joel 300 MHz NMR spectrophotometer.
Preparation of iron(II) perchlorate
Iron(II) perchlorate, used as the reductant, was prepared by dissolving 99.9 % pure iron powder (0.56 g) in 150 ml of 0.25 M perchloric acid under a nitrogen atmosphere. 26 The dissolution of iron was complete after a period of 12 h. The solution was then diluted suitably with deaerated water. The concentration of iron(II) in the solution was estimated by titrating it against standard potassium permanganate. The excess acid present in the solution was determined by titrating a known volume of the solution, after passing through a Dowex 50W-X8, H + cation exchange resin, against standard alkali. The solution was preserved in an air tight flask under a purified nitrogen atmosphere. The desired volumes of the iron(II) perchlorate solutions were introduced using a calibrated syringe flushed with nitrogen. Fresh solutions were prepared frequently.
Kinetics of iron(II) reduction of the complexes
The reduction of the complexes by iron(II) were followed spectrophotometrically at 300 nm under a nitrogen atmosphere. The required volumes of solutions of the complex in 5 % (v/v) DMSO-H 2 O, lithium perchlorate to provide a ionic strength of 0.25 M and perchloric acid to give the desired acid strength were deaerated and thermostated at 27±0.1°C in a reaction vessel fitted with a serum cap and a stainless steel needle. The reaction was initated in a deaerated quartz cell fitted with a serum cap by the addition of known volumes of deaerated iron(II) perchlorate and complex solution using a hypodermic syringe fitted with a stainless steel needle. The rate of the reduction was followed by following the decrease in the absorption of the reaction mixture at 300 nm, characteristic of the complexes.
Product analysis
The complex solution and a known excess of iron(II) perchlorate solution were allowed to react in ethanol -water (10 % v/v) medium, under nitrogen atmosphere, for 6 h. The reaction mixture was exposed to air for 2 h and then passed through a Dowex 50 W-X8, H + cation exchange column, maintained at 5°C by circulating ice-cold water. Gradient-elution technique, using water (50 ml), 0.5 M HClO 4 (100 ml) and 1.0 M HClO 4 (100 ml), was employed to separate the products. The first fraction containing the free oxime, eluted after charging the column with the reaction mixture and washing with water, was estimated spectrophotometrically (l max = 226 nm; e max = 15400 M -1 cm -1 ). The chloride present in this fraction was estimated gravimetrically as silver chloride. The amino and cyano pyridines present in the second fraction, which were eluted with 100 ml of 0.5 M HClO 4 , were estimated from their absorptions at 245 and 270 nm, respectively, and cobalt(II) 27 as [CoCl 4 ] 2-. Iron(III) in the third fraction, which were eluted with 100 ml of 1.0 M HClO 4 was estimated as its thiocyanate complex.
Stoichiometry
The stoichiometry of the reaction was determined by estimating the Fe(III) and Co(II) present in the product mixute. Iron(III) was estimated using thiocynate and cobalt(II) as [CoCl 4 ] 2-. The ratio of Fe(III): Co(II) was found to be 1:1.
RESULTS AND DISCUSSION
The cobalt and chlorine in the complexes were analysed by X-ray fluorimetry and the other elements were analysed using a CHN analyzer. The elemental analysis data, obtained by analytical methods and X-ray fluorimetry, agree well with the theoretical data expected for the proposed formula of the complexes. (6, 500) and 247 (16100), which may be attributed to intra ligand p ® p * transitions. Both complexes exhibited a relatively less intense shoulder around 300 nm. The -C=N-stretching of the oxime occurs at 1650 cm -1 in the IR spectra for all complexes. A moderate intense peak at 2325 cm -1 may be attributed to free -CºN stretching of 4-cyano pyridine. The medium intense doublets at 3375 and 3320 cm -1 confirm the free -NH 2 group of 4-amino pyridine, indicating that the ligands, viz., 4-aminopyridine and 4-cyanopyridine, are coordinated to the metal ion via the pyridine nitrogen. The 1 H-NMR spectra of the complexes show an intense peak around d = 2.4 to 2.5 ppm, characteristic of the methyl groups of dimethylglyoxime and d = 7.3 to 7.9 ppm, supporting the presence of the aromatic ring characteristic of the axial ligands, viz., 4-amino pyridine and 4-cyano pyridine. 
Kinetics of the reduction of the cobalt(III) complexes by iron(II)
The reduction of the complexes by iron(II) was studied by following the decrease in absorbance of the complexes at 300 nm at which the free ligands have negligible absorbance. Pseudo-first-order plots of log(A t -A ¥ ) vs. time were con- structed using Microsoft Excel ( Figs. 1 and 2 ). The pseudo-first-order rate constants, k obs, were obtained from the slopes as a function of the hydrogen ion concentration. A linear dependence of the pseudo-first-order rate constant, k obs , on Fe(II) was observed, indicating the first-order dependence of the reaction with respect to iron(II 
Hence, the second-order rate constant, k, for the reduction of cobaloximes may be expressed in the form:
where K b is the protonation constant for the complex and k 1 and k 2 are the second-order rate coefficients for the reduction of the protonated (III) and unprotonated (II) forms of the complexes, respectively. Equation(5) may be approximated in two different forms as Equations (6) and (7) at high hydrogen ion concentrations:
According to Equation (6), plots of the second-order rate constants k, vs. (Fig. 3) for both complexes, from which the k 1 values were obtained from the intercept. Equation (7a) could be further rearranged to Equation (7b)
Hence, the k 2 values could be evaluated as the intercept of the plot of (k - (Fig. 4) . The value of K b was calculated by substituting the value of k 2 into the slope of Equation (7b).
It may be noted that Equation (5) represents the extent to which the second-order rate coefficients k 1 and k 2 contribute to the overall second-order rate constant, k, for the reaction at different values of [H + ]. Moreover, the magnitude of the second-order rate coefficients k 1 and k 2 follows the order k 1 < k 2 . The observed [H + ] dependence of k and the values of k 1 and k 2 , for both complexes, indicate that the unprotonated form of the complex (II) is reduced at a faster rate than the corresponding protonated form (III). Such a behavior is characteristic of a inner-sphere electron-transfer reaction.
The protonation constant K b , and the rate coefficients 
Product analysis
The product analysis was carried out in 10 % (v/v) C 2 H 5 OH-H 2 O medium. The first fraction, eluted with water, contained free oxime and chloride, but no iron. The second fraction, obtained by eluting with 0.5 M HClO 4 contained cobalt(II) and the pyridine derivatives, whereas the third fraction, obtained by eluting with 1.0 M HClO 4 , contained iron(III), all to the extent of 95-100 %.
Mode of binding of the reductant with the complexes
The iron(II) reduction of the cobaloximes may be considered stepwise as: (13) The equilibrium constant for the formation of the precursor should be greater for the unprotonated form (Equation (8)) than for the protonated form (Equation (11)) of the complexes. Such a mode of binding of the metal ion to the coordinated oxime has been reported in the literature. [30] [31] [32] [33] Equations (10) and (13) represent the fast dissociation of the successor complexes followed by the protonation of the liberated oxime.
However, protonation at the amino group of the cobaloxime having coordinated 4-aminopyridine cannot be ruled out. However, such a kind of protonation should result in at having a smaller rate of reduction compared to the other complex having axial 4-cyanopyridine, provided the reduction occurs by bridging through the axial ligand. In any case, the observed trend in the rates confirms the negligible effect of protonation at the amino group. Moreover, the initial protonation at the negatively charged oxygen atom of the oxime is more probable than the protonation at the amino group of the axial 4-amino pyridine.
The second-order rate constant, k, and the second-order rate coefficients, k 1 and k 2 , are comparable, even though they are slightly greater for the amino complex than for the cyano complex. This small difference in the rate constants could not be attributed to axial binding of the reductant, because axial binding should result in at least 10 to 100 fold increases in the rates. Nordmeyer and Taube 34 showed that pyridinecarboxamides and pyridinecarboxylic acids act as potential bridging ligands in the chromium(II) reduction of cobalt(III) complexes containing other non-bridging ligands. For example, the rate constants for the amide-bridged, elec-tron-transfer reaction of pyridinecarboxamidepentaaminecobalt(III) complexes was found to be 3.3 ± 0.2´10 -2 M -1 s -1 for [Co(NH 3 ) 5 (nic-CONH 2 )] 3+ and 17.4 ± 0.5 M -1 s -1 for [Co(NH 3 ) 5 (iso-nicCONH 2 )] 3+ , both reactions being independent of [H + ], where nic-CONH 2 = nicotinamide, iso-nic-CONH 2 = iso-nicotinamide. The two orders of magnitude higher rate constant for the reduction of the pentaamminecobalt(III) complex containing iso-nicotinamide (iso-nic-CONH 2 ), than for that containing nicotinamide (nic-CONH 2 ), has been attributed to the greater conjugation effect of the iso-nicotinamide for the binding of the reductant at the axial amide group of the ligand. Accordingly, a larger rate constant, for the reduction of halogenocobaloxime containing axial 4-aminopyridine than for the corresponding complex containing 4-cyanopyridine is to be expected. Namely, the former ligand can donate a lone pair to the reductant more efficitively than the latter one, if the reduction occurs by binding of iron(II) through the axial amino or cyano group of the pyridine ring. However, no large differences in the rate constants were noticed for the studied complexes. Hence, the inverse [H + ] dependence of the rate of reduction and the product analysis suggest that the reduction of the cobaloximes by iron(II) proceeds pre-dominantly through oxime bridging. The perfence for oxime bridging must provide a lower energy pathway energy than bridging by the axial ligands. The Co-N bond length in cobaloximes may be considered to support this observation. 35 The equatorial Co-N bond lengths in the tetra-aza macrocyclic complexes of cobalt(III) differs little from those in the cobalt(II) analogues. Hence, the change from Co III to Co II in their complexes should involve a minimum Franck-Condon barrier if the bridging of iron(II) involves the equatorial oxime.
